FeGa 3 is an unusual intermetallic semiconductor that presents intriguing magnetic responses to the tuning of its electronic properties. When doped with Ge, the system evolves from diamagnetic to paramagnetic to ferromagnetic ground states that are not well understood. In this work, we have performed a joint theoretical and experimental study of FeGa 3−x Ge x using Density Functional Theory and magnetic susceptibility measurements. For low Ge concentrations we observe the formation of localized moments on some Fe atoms and, as the dopant concentration increases, a more delocalized magnetic behavior emerges. The magnetic configuration strongly depends on the dopant distribution, leading even to the appearance of antiferromagnetic interactions in certain configurations.
I. INTRODUCTION
The physics of Fe-based intermetallic semiconductors such as FeSi, FeSb 2 and FeGa 3 can present very unusual phenomena, creating an important framework for the development of condensed matter physics. These materials can present properties of strongly correlated electron systems, owing to the presence of the Fe d levels, concurrent with semiconducting gaps due to the strong hybridization between the Fe d and the post-transition metal or metalloid s, p levels. They have been studied mainly for their thermoelectric properties [1] [2] [3] .
However, they are also interesting from fundamental physical aspects 4 , still presenting important unsolved puzzles.
Here we address the puzzling magnetic response upon electronic doping of FeGa 3 , one of the few Fe-based materials known to be diamagnetic. This diamagnetism of the pure compound has also been assigned to the strong hybridization between the Fe 3d levels and the Ga 4s and 4p levels. Starting from this already unusual state, strikingly different magnetic responses can be observed upon chemical substitutions that lead to doping with holes or electrons 5 .
There is much controversy in the literature regarding the most stable magnetic configurations of pure and doped FeGa 3 , as well as on the mechanisms involved. Some works propose an antiferromagnetic ground state for pure and doped FeGa 3 6,7 , whereas others report a diamagnetic ground state 4, 8, 9 . There are also authors invoking an itinerant origin for the ferromagnetic ground state 10 , whereas other reports show a localized nature for the magnetic moments 11, 12 , or both 13 .
In order to understand this system, we have performed a joint theoretical and experimental work using First-principles Density Functional Theory (DFT) calculations and bulk magnetization techniques on Ge-doped FeGa 3 single crystals. Our results confirm that, upon doping, the system quickly evolves to a mainly ferromagnetic (FM) ground state. However, the evolution of magnetic response to Ge doping is far from trivial. For each dopant configuration, the lattice parameters were fixed at the FeGa 3 equilibrium crystal structure while the atomic positions were allowed to relax without any symmetry constraint. In the relaxation process, Monkhorst-Pack k-point meshes were used, and depending of the size of the supercell we used Γ-centered k-point meshes of 6 × 6 × 6, 6 × 6 × 3, and 2 × 2 × 2 for the calculation of charge and magnetization densities.
III. RESULTS AND DISCUSSION
FeGa 3 has a tetragonal crystal structure belonging to the space group P 4 2 /mnm (136) with one Fe atom located at the Wyckoff position 4f (u, u, 0) and two types of Ga atoms:
Ga1 occupies the Wyckoff position 4c(0, 1 2 , 0) and Ga2 is located at the Wyckoff position 8j(u, u, w) 22 .
The simplest way to theoretically model n-type doping in FeGa 3 is by shifting the Fermi level of the system up, which will represent the occurrence of electrons in the conduction band. This preliminary approach leads to the observation that the magnetic response depends on the electron concentration on the system. For low electron densities (≤ 0.09e/f.u.)
we do not observe any perturbation of the system, and no magnetic moments are observed in the Fe atoms. As we increase the electron density, we start to observe a magnetic moment in some Fe atoms, i.e., the electrons are not homogeneously distributed through the whole lattice. In this case, the electrons seem to be self-trapped in a lattice distortion. A similar self-trapping behavior has been reported before for the semiconductor MnO 23 . At higher electron concentration (0.25e/f.u.) it is observed a more delocalized (itinerant) magnetic state with similar magnetic moments in all Fe atoms (see Fig. 1 
). Test calculations have
shown that these results are robust with respect supercell sizes.
After modeling the system with a preliminary effective doping model, we advance our calculations to an explicit doping approach of FeGa 3 with Ge atoms (FeGa 3−x Ge x ). For this study, the host system is seen as a layered structure with the Ga1 ions placed at the (ii) all Fe atoms with parallel spin and (iii) all Fe dimers with antiparallel spins. Along this work we will discuss the most stable spin configuration at each case.
When a single Ge atom is inserted in a 2 × 2 × 2 supercell at either Ga1 or Ga2 site (x = 0.03), the Ga2 site is preferred by an energy difference of 0.11 eV. In this case, the Ge atom also induces a tiny magnetic moment on its Fe neighbors (5 × 10 −3 µ B /f.u.), whereas at the Ga1 site it does not lead to any magnetic moment on its Fe neighbors. This contrast demonstrates the complex nature of this material, since the exact lattice position where each Ge atom enters directly influences the magnetic configuration, and actual samples will inevitably feature a statistical distribution of the dopant among the nearest neighbors of an Fe atom. Consequently, a complete description of the magnetic behavior can only be achieved through a meticulous and thorough exploration involving many different distributions, which we undertake next.
By increasing the dopant concentration in different supercells, we were able to obtain several different magnetic configurations, wherein the total moment per f.u. also resulted different. For a given concentration, there can be different spin configurations that differ simply by the lattice distribution of the Ge atoms. This is exemplified in the main panel Note that the lower concentrations have a wider distribution of peaks, whereas the higher concentration shows a clear trend towards narrowing the distribution around a single value.
These results clearly pose a question on the validity of any calculation performed within the virtual crystal approximation, since through such a method only an average effect can be probed and all the local site information is lost.
We have also performed calculations adding the Hubbard U term to the energy functional (DFT+U) within the simplified rotationally invariant approach 24 using U ef f = 2 and 3 eV for the 2 × 2 × 2-supercell. For experimental support of the above simulation results, we performed magnetic susceptibility measurements on a Ge-doped single crystal with x = 0.27, which places it far enough into the magnetically ordered ground state region to avoid issues related to non-Fermi-liquid behavior 14 . Fig. 4 (a) presents the T -dependence of the DC magnetic susceptibility of the In order to further explore the behavior observed in the FCC curve, measurements under gradually higher applied magnetic fields (H = 30 Oe, 100 Oe, 300 Oe, FCC mode) were carried out and are shown in Fig. 4(b) . The peak is still clearly visible at H = 30 Oe and detailed in the inset of Fig. 4(b) . Under 100 Oe the FCC peak has practically disappeared, and under 300 Oe the sample recovers the expected shape of FCC curves for traditional ferromagnets, i.e., a sharp increase around T C followed by further, gradual increase towards saturation as thermal energy is removed from the spin system. The small but sharp decrease just below T C observed in low-field FCC curves is therefore interpreted as evidence of a minority of antiferromagnetic interactions present in the sample, resulting in some of the Fe moments aligning antiparallel to the majority, as was found in the DFT calculations for x = 0.09 and 0.19 lowest energy configurations (Figs. 3(c) and 3(e) ). Although we cannot rule out the influence of magnetic domains, we argue that it is only possible to see this weak antiferromagnetic contribution when all of the domains and spins organize under a well-7 defined alignment axis (FCC case). Also, this is clearly not a trivial case of ferrimagnetism, since the antiparallel moments align themselves at a discernibly lower temperature than the majority (possibly indicating a certain level of frustration) and because the antiferromagnetic component proves to be quite fragile. For higher external fields the peak quickly disappears and the susceptibility curves adopt the more traditional, monotonic increase upon cooling that is expected of a ferromagnet. It is worth noting that the different values of susceptibility saturation at low temperature for these three applied magnetic fields are still compatible with an almost linear behavior of the magnetization curve at low fields, within the resolution of our experiments. By fitting the inverse susceptibility with a modified Curie-Weiss law at high temperatures (see Fig. 5 ), we extract µ ef f = 0.84 (6) What makes this fascinating system even more compelling is that all these rich features arise even before mixing in the broad range of anomalies that accompanies its reported quantum critical behavior around x = 0.13, which is not contemplated in either the theoretical modeling or the experiments, intentionally performed here on a sample that is well into the magnetically ordered region.
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